INTRODUCTION
Crithidia fasciculata is a protozoan parasite which has a novel form of mitochondrial DNA (kinetoplast DNA or kDNA) composed of 5000 minicircles and approximately 25 maxicircles. Both the minicircles and the maxicircles are interlocked in a compact network structure at the base of the flagellum (1) . Within the mitochondrial matrix the kDNA network is associated with histone-like proteins and is condensed into a disc structure ∼1 µm in diameter and 0.4 µm thick (2, 3) . When viewed by fluorescence microscopy of fixed cells on a microscope slide the disc is visualized from its edge (2) . Each minicircle in the network is interlocked on average with three other minicircles (4) . Minicircles are replicated free of the network via θ intermediates and are subsequently rejoined to the network by a mitochondrial DNA topoisomerase (5) (6) (7) . Synthesis of minicircle light strands are RNA primed and continuous, whereas minicircle heavy strand synthesis is discontinuous and is also likely to involve RNA-primed Okazaki-like intermediates (8) . Nuclear DNA replication intermediates have not been characterized in trypanosomatids but, as in prokaryotes and other eukaryotes, these must require RNA priming as well. RNA primers must be removed from both mitochondrial and nuclear DNA prior to cell division.
RNase H has been implicated in removing RNA primers laid down during DNA replication. Most organisms studied to date, including Crithidia fasciculata, have at least two such enzymes (9) (10) (11) . RNase H enzymes have been shown to be involved in RNA primer removal in both eukaryotic and prokaryotic cells. RNase H was found to be required for RNA primer removal in DNA synthesis reconstitution experiments in mammalian systems (12) (13) (14) and an RNase H from Drosophila embryos was also shown to interact with the polymerase-primase and to remove primers synthesized and subsequently elongated by the polymerase-primase (15) . In Escherichia coli, RNase HI facilitates removal of long RNA primers by DNA polymerase I but is not essential for primer removal (16) . The potent 5′-exonuclease of DNA polymerase I appears to play the major role in RNA primer removal in E.coli (17) . Plasmids bearing the unique chromosomal origin oriC require RNase HI for specific initiation of replication at oriC (18) . RNase HI is suggested to possibly remove non-specific RNA primers elsewhere on the DNA. Another role for RNase HI in DNA replication is revealed in replication of the Col E1 plasmid, in which processing of an RNA transcript by RNase HI produces an RNA primer for initiation by DNA polymerase I (19) .
In C.fasciculata an RNase H gene (RNH1) was cloned by complementation of a conditional lethal E.coli mutant (20) .
Analysis of the open reading frame (ORF) indicated that the RNH1 gene has the potential to express a 53.7 kDa protein.
However, disruption of the RNH1 gene revealed that the gene encodes two protein products of 45 and 38 kDa (11) . Further work demonstrated that the 45 kDa peptide is enriched in wild-type kinetoplasts (21) , suggesting that these proteins represent sorting isozymes, enzymes encoded by a single gene but distributed to different subcellular compartments (22) . Our current work shows that the 38 kDa isoform is the nuclear form of RNase H1 and the 45 kDa isoform is the kinetoplast form. Our results also address the mechanism by which the two isoforms are produced.
MATERIALS AND METHODS

Isolation of the 5′ flanking sequence of RNH1
A λ GEM11 genomic library (23) was screened with a labeled 792 bp NcoI-NotI fragment of the RNH1 coding sequence. Positive clones were picked and used for subcloning. An additional 400 bp of the 5′ flanking sequence of RNH1 was cycle sequenced using oligonucleotide E2 (5′-GTCTGTGAAATG-CAGCACTC) and an Applied Biosystems automated sequencer at the UCLA DNA Sequencing Facility. The additional sequence has been added to GenBank (accession no. L18916).
Construction of epitope-tagged RNH1
A Bsp120I site was introduced close to the C-terminus of RNH1 by PCR mutagenesis using oligonucleotide A89 (5′-GCCGAC-GTGCTAGCCGTCGCTGGCGCGCGTATGCACGGGCCC-AGTGAGTG) and oligonucleotide A94 (5′-CTACGGCGTTT-CACTTCTGAGTTCGGCA) with template p6HIS-1 (20) . Six copies of the hemagglutinin influenza tag were cloned into the Bsp120I site to create p6HIS1.2. A NcoI-DraI fragment of p6HIS1.2 was cloned into pX63HYG (24) , which contains the hygromycin phosphotransferase gene flanked by the 5′-and 3′-untranslated regions (UTRs) of Leishmania major dihydrofolate reductase thymidylate synthase, to create pRNH1-HYG. An additional 364 bp of RNH1 5′ flanking sequence was cloned into pRNH1-HYG as a XhoI-NotI fragment to create pRNH1-HA.
To create plasmid pRNH1-Phleo the hygromycin phosphotransferase cassette was excised from pRNH1-HA by XhoI and BglII digestion and replaced with a XhoI-BamHI fragment from pXGPHLEO (25) , which contains the phleomycin cassette flanked by the dihydrofolate reductase thymidylate synthase 5′-and 3′-UTRs.
Oligonucleotide mutagenesis
Two stop codons were created just upstream of the second methionine codon in RNH1 in plasmid pRNH1-Phleo by oligonucleotide mutagenesis using oligonucleotide F6 (5′-GCGAG-CGGCGAAACGCGCAACTAGTAAGCACCGCCGCCCG-CGTCG) and the Promega Gene Editor kit according to the manufacturer's instructions, to create pRNH1-STOP. The second methionine codon in the RNH1 ORF in pRNH1-Phleo was mutated to a valine codon using the strategy outlined above and oligonucleotide F40 (5′-CCCGCGTCGCGGGTGAAGC-CGTCG), creating plasmid pRNH1-GTG. A second vector containing a hygromycin selectable marker was created by cutting pRNH1-GTG with BglI and XhoI to remove the phleomycin cassette. A BglI-XhoI fragment containing the hygromycin cassette from pX63HYG was cloned into the vector to create pRNH1-GTGH.
C.fasciculata transformation
Wild-type C.fasciculata or Cf rnh1∆ cells (11), a cell line in which both alleles of the RNH1 gene have been disrupted, were transformed as described (26) except that cells carrying constructs containing the phleomycin cassette were selected on plates contained 80 µg/ml Zeocin (Invitrogen) and grown in liquid culture containing 40 µg/ml Zeocin.
Immunolocalization
Immunofluorescent localization of the HA epitope tag was done essentially as described (27) . Mouse 12CA5 monoclonal antibody (BabCO) was used at a 1:500 dilution. FITCconjugated goat anti-mouse antibody (Sigma) was used as secondary antibody at 1:50 dilution. Images were captured on Kodak Elite chrome ASA 400 film (Eastman Kodak, Rochester, NY) with a Nikon FX-35DX camera using a Nikon Optiphot microscope and a 100× oil immersion lens. Slides were subsequently scanned and images were processed using Adobe Photoshop.
RNase H activity gels
SDS-polyacrylamide activity gels containing [ 32 P]rA:dT substrate were poured and run as described (21) . Cell extracts were made with 4 × 10 7 cells resuspended in 96 µl of SDS-PAGE loading buffer and boiled for 5 min. Five microliters were loaded in each lane.
Mapping of RNH1 splice acceptor sites
cDNA was synthesized using poly(A) + RNA, oligonucleotide B24 (5′-AGCGTCGAAGTCCTACTTGAGGTTC) and Superscript II Reverse Transcriptase (Gibco BRL). Following synthesis the cDNA was purified on a 4 ml S400 column (Pharmacia) equilibrated with 10 mM Tris-HCl, pH 8.3, and 1 mM EDTA. The cDNA was used in PCR reactions with a spliced leader oligonucleotide (5′-AACGCTATATAAGTAT-CAGTTTCTG) and oligonucleotide B11 (5′-TGTGCCGAC-GATGTTGATGGAATT). Forty cycles of PCR of 1 min at 95°C, 2 min at 55°C and 2 min at 72°C were performed with AmpliTaq (Perkin Elmer), followed by 7 min at 72°C. Specific fragments were isolated from a 1.8% agarose gel, cloned into pGEM 7 (Promega) and sequenced by dideoxynucleotide chain termination with modified T7 DNA polymerase (Sequenase) according to the manufacturer's instructions (US Biochemical).
For primer extension analysis oligonucleotide B11 was hybridized with poly(A) + RNA at 60 or 67°C. Reverse transcription was carried out at 45°C with M-MLV reverse transcriptase (Gibco BRL). Reactions were phenol/chloroform/isoamyl alcohol extracted, ethanol precipitated and analyzed on a 6% denaturing polyacrlyamide gel. Markers were prepared by 5′-32 P-radiolabeling of a 1 kb ladder (Gibco BRL).
RESULTS
Localization of the RNase H1 proteins
In order to investigate the subcellular localization of the RNase H1 proteins we constructed a plasmid for episomal expression of epitope-tagged versions of the RNase H1 proteins. Six copies of a hemagglutinin epitope tag were inserted just upstream of the C.fasciculata RNH1 stop codon in a plasmid containing the hygromycin phosphotransferase gene as selectable marker in C.fasciculata. The construct pRNH1-HA (Fig. 1A ) includes 364 bp of 5′ untranslated sequence upstream of the RNH1 coding region and contains the -235 splice acceptor site (Fig. 6 ). Wild-type C.fasciculata cells were transformed with pRNH1-HA and immunolocalization performed with an antibody to the hemagglutinin epitope tag. The protein localized specifically to both the nucleus and the kinetoplast (Fig. 2B) . The cells were also stained with DAPI (4′,6-diamidino-2-phenylindole) to visualize the kinetoplast (brightly staining body) and the nucleus (diffusely staining body) ( Fig. 2A) . A similar immunolocalization was observed in the rnh∆ strain (Fig. 2D) , in which both chromosomal alleles of RNH1 are disrupted (11) .
Insertion of termination codons between the first and second ATG codons
One form of the RNase H1 protein is localized to the kinetoplast and data from RNase H activity gel experiments employing kinetoplast extracts indicate that the kinetoplast form of the protein is the 45 kDa species (21) . Cell fractionation experiments also suggest that the 38 kDa species is the nuclear form of the enzyme (16) . The smaller RNase H species has a molecular mass of 38 kDa, in agreement with that predicted from translation initiation at the second AUG codon. To investigate this possibility an RNH1 construct was made which contained a C-terminal HA tag and two tandem stop codons upstream of the second ATG codon in the ORF (Fig.  1B) . rnh1∆ strain cells transformed with pRNH1-STOP were stained with DAPI and used for immunolocalization of the HA tag ( Fig. 3A and B) The HA-tagged protein was observed only in the nucleus, consistent with production of the nuclear isoform by internal translation initiation. Elimination of targeting of the tagged enzyme to the kinetoplast in cells expressing pRNH1-STOP implies that the 45 kDa protein results from initiation at the first AUG codon. If both proteins were translated from the second AUG codon then the epitopetagged protein expressed by pRNH1-STOP should have localized to both the nucleus and kinetoplast. However, if the 45 kDa protein is translated from the first AUG codon, only the smaller protein should be produced by the mutant construct and it would be predicted to localize to the nucleus, as observed. In order to reveal even a low level of localization to the kinetoplast, the exposure in Figure 3B relative to that in Figure 2B was adjusted to bring out the background staining of the entire cell. (Similar background staining is observed with untransformed wild-type cells.) Blocking of translation of the N-terminal sequence clearly prevents localization of the protein to the kinetoplast. 
Mutation of the second ATG codon
To address the possibility that the 45 kDa isoform of the RNase H1 protein might be present in both the kinetoplast and the nucleus, a second mutant construct was made in which the second methionine codon in the RNH1 ORF was mutated to a valine codon. The construct (pRNH1-GTG) was transformed into the rnh1∆ strain and the resulting cells were used for immunolocalization of the epitope tag. In cells stained with DAPI ( Fig. 4A ) and with antibody to the epitope tag (Fig. 4B ) the epitope-tagged protein was only detected in the kinetoplast, demonstrating that the 45 kDa isoform is localized exclusively to the kinetoplast. As in Figure 3B , the long exposure required to visualize immunofluorescence from the kinetoplast enzyme in Figure 4B shows background staining of the whole cell. The significance of the slightly punctate staining elsewhere in the cell has not been determined. It should also be noted that fluorescence from DAPI-stained kinetoplasts as seen in Figures 2-4 is always much more intense than that from the nucleus, even though kDNA represents only ∼25% of total cell DNA. This intense DAPI fluorescence from the kinetoplast (Figs 2A, 3A and 4A) exaggerates the actual size of the kinetoplast. The thinner disc of immunofluorescence from the kinetoplastlocalized enzyme (Fig. 4B ) more nearly reflects the true size of the kinetoplast.
Activity gel analysis
To further investigate cells transformed with the pRNH1-STOP and pRNH1-GTG constructs, RNase H activity gel analysis was performed on whole cell extracts from wild-type cells, from rnh1∆ cells and from rnh1∆ cells carrying either pRNH1-Phleo, pRNH1-STOP or pRNH1-GTG (Fig. 5) . The wild-type 45 and 38 kDa proteins encoded by the RNH1 gene can be seen in the wild-type extract (Fig. 5, lane 1) . The RNH1 gene has been disrupted in the rnh1∆ strain and consequently no RNase H activity can be detected in whole cell extracts (Fig. 5, lane 2) . The 32 kDa protein showing the RNase H activity of the DNA structure-specific endonuclease SSE1 is not visible in whole cell extracts unless a larger quantity of protein is electrophoresised on the gel (21) . When whole cell extracts from the rnh1∆ strain containing pRNH1-Phleo were analyzed, two RNase H activities were observed (Fig. 5, lane  3) . The increase in size of the two activities is due to the addition of six copies of the HA tag, which adds 7.7 kDa to each protein. When rnh1∆ cells expressing pRNH1-STOP were analyzed by activity gel (Fig. 5, lane 4) only one activity was detected, corresponding to the smaller protein (compare with Fig. 5, lane 3) . Similarly, when rnh1∆ cells expressing pRNH1-GTG were analyzed (Fig. 5, lane 5 
Alternative splicing of the RNH1 transcripts
In an effort to understand how the RNH1 gene produces two proteins having different subcellular localizations, we analyzed the pattern of RNA splicing of the RNH1 transcript. Genes are transcribed in trypanosomes as polycistronic transcripts that are then processed by trans-splicing a spliced leader onto all mRNAs (28, 29) . We used a spliced leader oligonucleotide together with an oligonucleotide from the coding sequence to determine the 5′ splice acceptor sites of transcripts by reverse transcription-PCR (RT-PCR) (Fig. 6A) . Four specific products, labeled A-D (Fig. 6A, lane 4) , were produced by PCR with a spliced leader primer and primer B11 using template cDNA made with primer B24, shown in Figure 7 . Each PCR product was cloned and sequenced to identify the location of each of the splice acceptor sites (Fig. 7) . Two classes of transcripts are produced by transsplicing. In one class splicing occurs upstream of the first methionine codon and in the second class trans-splicing occurs between the first and second methionine codons. The second methionine is marked with a circle. The splice acceptor site at -235 is the predominant product by primer extension (Fig. 6B,  lane 1) . No additional splice acceptor sites were found closer to the second methionine codon when oligonucleotide primers downstream of B11 and B24 were used for RT-PCR (data not shown). Although representing minor transcripts detected by PCR, the existence of splice sites downstream of the first ATG at least raises the possibility that such transcripts could also give rise to the 38 kDa nuclear enzyme. Further studies will be required to distinguish this possibility from that of internal translation initiation at the second AUG on the full-length mRNA. However, the relatively much higher level of the 38 kDa nuclear protein compared to that of the 45 kDa protein and the low level of these shorter transcripts, as indicated by their detection only by PCR and not by primer extension, strongly suggests that the 38 kDa protein results primarily from internal translation initiation on the full-length transcript. The possibility that these minor transcripts could be more abundant under some other physiological conditions and therefore contribute significantly to the production of the nuclear enzyme is an interesting posibility and cannot be excluded.
DISCUSSION
We have shown here that the two proteins encoded by the RNH1 gene localize to different organelles. Mutational analysis demonstrated that the smaller 38 kDa protein is nuclear and is translated from the second AUG codon of the ORF. The 45 kDa kinetoplast-associated protein appears to be derived from the predicted 53.7 kDa precursor protein resulting from initiation at the first AUG codon in the RNH1 ORF. These results suggest that an approximately 80 amino acid cleavable presequence would need to be removed to generate the 45 kDa enzyme. While this is an extremely large presequence, mitochondrial import signals close to this size have been reported previously. In peas (Pisum sativum) the P subunit of glycine decarboxylase has an 85 amino acid presequence (30) and an 80 amino acid presequence is removed from yeast cytochrome b 2 upon import into the mitochondrion (31) . Of some 56 yeast precursor proteins with known mature N-termini, only three contained leader peptides longer than 50 amino acids (32) . Interestingly, the only mitochondrial import signals recognized to date in C.fasciculata have been nine amino acid cleavable presequences seen on the H1 histone-like KAP proteins and the polymerase β protein (3, 33, 34) . The nine N-terminal amino acids of the predicted 53.7 kDa protein share some features with these cleavable presequences. The sequence lacks acidic residues and contains hydrophobic residues and an Arg-Arg dipeptide. However, it lacks a leucine at the second residue, which is present in four of the five nine-amino acid cleavable presequences. Three other C.fasciculata mitochondrialocalized proteins, structure-specific endonuclease 1, topoisomerase II and cytochrome c 1 , lack N-terminal cleavable presequences (23, 27, 35) .
There are many examples in other eukaryotes of a single gene encoding proteins that are distributed to multiple subcellular compartments (22) . Such proteins are termed sorting isozymes. Signals responsible for sorting isozyme distribution have been revealed by comparisons of eukaryotic sorting isozymes to their counterpart proteins in non-eukaryotic organisms, on the assumption that sequences important for catalytic function will be conserved. From phylogenetic comparisons Figure 6 . The circled methionine is the second methionine in the ORF. The sequence is numbered from the first nucleotide of the ORF. and sequence alignments of five different families of proteins containing at least one confirmed sorting isozyme it was found that the eukaryotic proteins contained additional sequences not present in the eubacterial or archaeal counterparts. These additional sequences have been named ADEPTs (additional domains for eukaryotic protein targeting) and can be present on the N-or C-termini or located internally (22) .
Mitochondrial targeting sequences have often been found at the N-terminus as a cleavable presequence. Such sequences are rich in basic residues and hydroxylated amino acids and are generally devoid of acidic amino acids (36) . In some cases such sequences have been successfully fused to 'passenger' proteins, resulting in their targeting to the mitochondrial matrix (37) . Some genes encoding isozymes have been found to target isozymes to as many as three intracellular compartments. In addition to having an N-terminal sequence necessary for mitochondrial targeting, the Saccharomyces cerevisiae MOD5 and CCA1 genes encoding tRNA processing enzymes express isozymes that target to the nucleus as a consequence of translation initiation at in-frame AUGs (38, 39) . In both cases the nuclear and mitochondrial forms are also found in the cytoplasm.
In the case of RNH1 the major RNH1 mRNA is transpliced upstream of the first AUG codon in the ORF and is predicted to produce a 53.7 kDa protein upon translation from the first AUG. The 45 kDa kinetoplast form of RNase H is proposed to result from processing of the 53.7 kDa protein in the course of import into the mitochondrion. Crithidia fasciculata RNase H and other eukaryotic RNases H have sequence and structural conservation with prokaryotic RNase HI (40) (41) (42) . The RNase H domain is located in the C-terminal part of the protein in RNase H proteins from S.cerevisiae, Schizosaccharomyces pombe and a chicken cDNA encoding a protein that is likely to be a chicken homolog of RNase HI. These eukaryotic RNase H enzymes all have an N-terminal extension not present in the related prokaryotic enzymes (43) and which is characterized by the presence of a conserved sequence of approximately 40 residues. This sequence has been shown to confer binding to double-stranded RNA and is not required for RNase H activity. The C.fasciculata RNH1 ORF encodes an additional Nterminal extension of approximately 150 amino acids which we have shown here to be necessary for production of the 45 kDa mitochondrial isozyme. So far, the C.fasciculata RNH1 gene is the only known example of a eukaryotic gene in the RNase HI family that encodes a mitochondrial RNase H. An RNase H activity has been identified in mitochondrial lysates from beef heart and from Xenopus oocytes, but it is not known whether this enzyme represents a sorting isoform nor has the enzyme been immunolocalized to the mitochondrion (44) . The only other member of the RNase HI gene family identified in a trypanosomatid is the TbbRNHI gene from Trypanosoma brucei (45, 46) . The TbbRNHI gene expresses a 33.1 kDa protein closely related to the C.fasciculata 38 kDa protein and is localized to the nucleus. The N-terminal domain of the Tbb RNase HI protein shows a high degree of sequence similarity to the N-terminal domain of the C.fasciculata 38 kDa protein and was shown to be essential for nuclear localization. So far, a mitochondrial isoform of the T.brucei protein has not been identified.
